In this paper we describe aspects of the suspension system for each of the main optics (test masses) in the GEO 600 interferometric gravitational wave detector currently under construction in Germany. In particular we describe the triple pendulum, which is a key aspect of the overall system, discuss the details of the mechanical design, present transfer functions of the isolation performance, and display examples of impulse responses for the local control used to damp the low frequency modes of the triple pendulum. This local control is achieved using co-located sensing and feedback at the highest mass of the triple pendulum, providing a significant attenuation of local control noise to the fused silica test mass, the lowest mass of the triple pendulum. In order to enhance the vertical isolation, the triple pendulum will incorporate two stages of cantilever springs, and fused silica fibres will be used in the lowest pendulum stage in order to minimise thermal noise from the pendulum modes.
In this paper we describe aspects of the suspension system for each of the main optics (test masses) in the GEO 600 interferometric gravitational wave detector currently under construction in Germany. In particular we describe the triple pendulum, which is a key aspect of the overall system, discuss the details of the mechanical design, present transfer functions of the isolation performance, and display examples of impulse responses for the local control used to damp the low frequency modes of the triple pendulum. This local control is achieved using co-located sensing and feedback at the highest mass of the triple pendulum, providing a significant attenuation of local control noise to the fused silica test mass, the lowest mass of the triple pendulum. In order to enhance the vertical isolation, the triple pendulum will incorporate two stages of cantilever springs, and fused silica fibres will be used in the lowest pendulum stage in order to minimise thermal noise from the pendulum modes.
It is expected that the thermal noise associated with the internal modes of the fused silica test mass (mass ~6 kg) will set the sensitivity limit for GEO 600 from 50 to 2 200 Hz. The measured performance from individual stages of a prototype suspension system indicate that a seismic noise level which is a factor ~3 lower than this thermal noise level at 50 Hz can be achieved.
I. INTRODUCTION
In an earlier paper we described the revised specification for the GEO 600 (GermanBritish) detector. 1 The description explicitly stated that the system should not be limited by seismic noise above 50 Hz. This figure was originally 100 Hz. The decision to extend the detector sensitivity down to this lower frequency was motivated by studies 2 of potential sources, eg. the Crab pulsar, which are expected to emit gravitational waves in this frequency region. The sensitivity limit from thermal noise at 50 Hz is expected to be . The design objective for the seismic isolation system was to achieve a seismic noise level at each test mass a factor of 10 lower than this. To this end a triple pendulum suspension for the optics in the GEO 600 detector has been developed. The design has grown from initial work on double pendulum suspensions, used in both the Glasgow 10 m prototype detector 3 and the modecleaner mirrors in the GEO 600 detector. In order to enhance the vertical isolation, required for the main optics in the detector, a third pendulum stage was required. For some of the main optics, it is required to apply global control forces in order to maintain the output of the interferometer on a dark fringe. In these cases a reaction pendulum is included so that these forces can be applied from a seismically isolated platform. In our earlier design 1 the main double pendulum and reaction double pendulum were separately suspended from a common upper mass which was itself suspended. This proved to be a rather complex 3 system both in terms of mechanical design and local control. For simplicity of design and construction the use of separate triple pendulums has now been adopted.
This paper describes the design and testing of elements of the seismic isolation system with particular emphasis on the triple pendulum suspension. It also includes a description of the novel local control damping scheme for the triple pendulum suspension. Passive damping schemes for triple pendulums have been proposed 4 ;
however electronic feedback damping of the pendulum modes, properly executed, more easily avoids a noise penalty in the gravitational wave signal band.
In a companion paper . 5 we discuss the modelling of the triple pendulum and consider the levels of cross coupling between the various degrees of freedom of the pendulum. This latter point is important when considering the requirement for the vertical isolation.
II. SEISMIC ISOLATION
We aim to achieve the overall seismic isolation requirements with a combination of several elements, namely a two layer seismic isolation stack consisting of an active and a passive stage and a triple pendulum suspension incorporating two stages of soft vertical springs. The intermediate and test masses of the triple pendulum are made from fused silica with fused silica fibres between them in order to minimise thermal noise from the pendulum modes. It should be noted that the fused silica test mass (5.6 kg) used in the GEO 600 suspension described in this paper is a factor of ~2.5 lighter than that previously proposed.
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A. Stack design
The stack, which provides both horizontal and vertical isolation, consists of three legs, each consisting of two layers. The active lower layer will be discussed in further detail in section V. It should be noted that in the present design the active isolation is not considered to contribute to the overall isolation in the gravitational wave detection band.
The passive upper layer, which behaves like a mass on a damped spring, consists of a stainless steel block on pieces of graphite-loaded silicone rubber (RTV 615). These stacks are encapsulated in stainless steel bellows to prevent potential contamination of the optics of the interferometer by outgassing from the rubber elements. A fuller description of the design principles is outlined in the earlier paper. 1 The quality factor of the passive stage is chosen to be small (Q~10) so as to reduce the amplitude of the 
B. Vertical isolation design elements
The seismic isolation stages, both stacks and pendulums, have low horizontal resonant frequencies and therefore low transmissibilities in our working frequency band. However in the vertical dimension the resonant frequencies are higher. This, together with the unavoidable cross coupling of vertical to horizontal motion of the test mass (a working value of 0.1% is used for our system), means that for practical isolation systems involving stacks and pendulums, isolation in the vertical dimension is likely to be the overall limiting factor in the total isolation achieved. Thus care has to be taken in the design to ensure that enough vertical isolation is incorporated. In order to enhance the vertical isolation two additional spring stages are included. The first stage consists of two cantilever mounted blade springs supporting an upper mass. One end of each blade is fixed onto the rotational stage and from the tapered ends wires suspend the upper mass.
From the upper mass a double pendulum is suspended by a further four cantilever blades (see figure 1 ). The springs are constructed from maraging (precipitation hardened) steel and have a nearly trapezoidal blade geometry. The design of the blades has been adapted from designs used in the French-Italian VIRGO project. 6 The spring constant of a blade spring is given by:
where l is the length of the blade, a is the width of the blade base (at the clamp), h is the blade thickness, E is the Young's Modulus (for maraging steel E ≅ × 190 10 9 Pa 8 ), and 6 α is a shape factor which is related to the ratio between the short end of the blade and its base (α = 1.0 for a rectangular shape and α = 1.5 for a triangle. For our blade designs it takes values between 1.36 and 1.44).
For the GEO 600 suspension, the final choice of blade parameters are as follows:
The longer upper set of blades have the following dimensions; l = 240 mm, a = 40 mm, h = 2 mm, and have an uncoupled 9 vertical frequency of ~2.7 Hz. The shorter set of four blades, which support the double pendulum from the upper mass, have dimensions; l = 124 mm, a = 28 mm, h = 1 mm, and have an uncoupled vertical frequency of ~3 Hz.
The choice of frequency for the cantilever stages is guided by our need to obtain a sufficiently good level of vertical isolation at our target frequency, while at the same time limiting the potential for long term creep. In our calculation we limit the maximum surface stress permissible at the support point to ~ 800 MPa, approximately 50% of the elastic limit for Marval 18 maraging steel.
As we discuss in section VI the design of the cantilever blades is complicated by the fact that they are not massless springs. This fact, as we will show, had a strong effect on the final choice of blade parameters.
C. Triple pendulum
As we have stated earlier, in order to satisfy our noise requirements for GEO 600 we require two additional vertical spring stages. From the outset there exist several constraints for the triple pendulum suspension which have to be taken into account before finalising the design and calculating the mode frequencies. Firstly the intermediate and test mass main optics will be made from fused silica with four vertical fibres of fused 7 silica between them, this design having been chosen to minimise the effects of thermal noise 10 . Since we must not compromise the thermal noise performance of the suspension, steel cantilever blades cannot be placed between these masses, thus necessitating a triple pendulum design. Secondly the low frequency resonant modes of the triple pendulum require to be damped in a way that does not introduce excess noise at the test mass. The application of active damping at the upper mass ensures that any extra motion caused by electronic noise in the feedback system is filtered by the double pendulum below before reaching the test mass. The control of the pendulum is outlined in more detail in section V.
To facilitate feedback control of the pendulum system from a single mass, good coupling of the modes of the triple pendulum is necessary; in practice this requires that the masses and lengths of each stage are similar.
V. CONTROL ISSUES A. Active control
In the active layer feed forward is used to control the effects of the micro-seismic peak around 0.2 Hz and feedback is used to improve the isolation at frequencies up to ~10 Hz.
The active layer uses 3-degree of freedom piezo actuators and geophones in a co-located system. This combination will reduce the bandwidth required in the damping servos and ease the acquisition of locking on the interferometer dark fringe. Simple 'velocity' feedback would fail to meet these requirements. Our servo design consists of a multi-stage filter consisting of simple and transitional differentiator stages to achieve phase lead, together with a combination of simple and resonant low pass filters for noise attenuation. The resonant Scultété filters that we use provide both minimum phase lag before the resonant peak and a notch in their response in the 10 attenuating region. The former feature helps to retain adequate phase lead at the highest of the pendulum resonances to be damped, while the frequencies of the notches from the resonant filters can be tuned to optimise noise attenuation at the lower end of the gravitational wave band, and also to avoid unwanted excitation of the undamped high frequency pendulum modes involving extension of the suspending fibres (see section VI).
B. Local control
It should be noted that although the response of the Scultété filter does not fall continuously with frequency above the notch, the mechanical filtering action from the pendulums does continue and the attenuation provided by the overall transfer function is satisfactory. The transfer function of the controller is illustrated in figure 3 .
The choice of local control action at the upper mass places some constraints on pendulum design. It is necessary to ensure that every mode (to be damped) of the compound pendulum couples to motion along at least one of the sensed directions of the highest mass. This coupling can be made strong enough by following two design principles: masses and moments of inertia about corresponding axes of each pendulum stage should be similar (within a factor of approximately two), and the stiffness of the passive restoring forces should increase slightly down the pendulum (again a factor of two from top to bottom is a starting point). These constraints have been found to be simple to incorporate into multiple pendulum suspension designs. The final choice of parameters chosen for the GEO 600 triple pendulum suspension is illustrated in figure 4 .
The design of the local controller and prediction of its behaviour require a comprehensive dynamical model for the suspension, and this will be discussed in the section VI.
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C. Global control
In addition to the local control actuation there is additional actuation providing three degrees of freedom between all masses of a reaction pendulum and the corresponding masses of a main pendulum. This is called global control actuation. At the lowest level of the suspension we propose to apply the feedback via an electrostatic drive system. At the intermediate level the feedback uses coil-magnet motors less powerful than those used at the upper mass for local control.
VI. TRANSFER FUNCTIONS OF A PROTOTYPE SUSPENSION SYSTEM
A prototype triple pendulum was constructed in Glasgow. The intermediate and test
masses were made from aluminium with the same mass and outer dimensions as the fused silica masses to be used in the GEO 600 suspension. High tensile steel wires were used as the suspension wires. The purpose of this prototype was to test the performance of the blade springs, check that the pendulum mode frequencies matched with theory, and to test the performance of the damped triple pendulum in the longitudinal direction. The theoretical response of the uppermost stage, which is suspended from two cantilever blades, each having the following dimensions; l = 370 mm, a = 82 mm, h = 2 mm, was obtained using MATLAB 13 , and shows a fall off of 2 f 1 above the uncoupled frequency of the blade, (see figure 5 ). This simple model assumes that the blade acts as a massless spring. The measured vertical transfer function from the rotational stage to the upper mass of the triple pendulum, where the pendulum was driven by a shaker constructed from piezoelectric elements and the response measured using accelerometers, is also shown in figure 5 . The flattening of the response above ~20 Hz is consistent with measurements carried out by the VIRGO team on similar blades 14 . The first internal 12 mode at 55 Hz is also shown in the graph. The levelling out of the transfer function is due to the fact that the blades have a finite mass, and that the attachment point of the wires is not at the centre of percussion of the blade.
A. Mode frequencies
The resonant frequencies were obtained by exciting the triple pendulum and using a spectrum analyser to measure the response with an accelerometer. The experimental results for the prototype triple pendulum are given in table I. The companion paper 5 compares the experimental results with those predicted from theory, and shows good agreement between experiment and theory.
Observe that the upper roll and vertical frequencies are comparatively high. These frequencies are associated with the extension of the wires in the lowest pendulum stage which, as we have noted, has no soft vertical springs.
B. Step response
The theoretical and experimental response of the two longitudinal actuators is shown in figure 6 . A step signal was applied to both of the longitudinal actuators arranged along the long axis of the upper mass (see figure 2 ) and the response was measured with sensors affixed to this upper mass. The experimental plots fit closely with the theoretical prediction from a MATLAB model.
VII. TRANSFER FUNCTIONS OF THE FINALISED SUSPENSION SYSTEM
The upper blade has since been re-designed (see section III for the blade parameters) so that the first internal mode is above 100 Hz. In addition, because the re-designed blade is 13 shorter and lighter the transfer function more closely resembles an ideal blade (see figure   7) , with a fall off around Hz. This internal mode will not be damped; due to the mechanical filtering action from the pendulum the attenuation provided by the overall transfer function is adequate at this frequency. It is intended to damp the internal modes of the upper blades using resonant dampers of a similar design to that developed by the VIRGO team. . This corresponds to a seismic noise level, which is a factor of ~3 lower than the expected motion due to thermal noise associated with the internal modes. This is acceptable since the effect of adding this seismic noise level to the thermal noise would exceed the overall noise level by only ~ 5 %. 15 We should emphasise that the above calculations do not apply above ~120 Hz due to the internal modes of the isolation system (cantilever blades etc.) and the presence of wire resonances. However, since the isolation provided by the system in general increases as a steep function of frequency, at these high frequencies it should be more than satisfactory.
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